Adenosine signaling is implicated in several neuropsychiatric disorders, including alcoholism. Among its diverse functions in the brain, adenosine regulates glutamate release and has an essential role in ethanol sensitivity and preference. However, the molecular mechanisms underlying adenosine-mediated glutamate signaling in neuroglial interaction remain elusive. We have previously shown that mice lacking the ethanol-sensitive adenosine transporter, type 1 equilibrative nucleoside transporter (ENT1), drink more ethanol compared with wild-type mice and have elevated striatal glutamate levels. In addition, ENT1 inhibition or knockdown reduces glutamate transporter expression in cultured astrocytes. Here, we examined how adenosine signaling in astrocytes contributes to ethanol drinking. Inhibition or deletion of ENT1 reduced the expression of type 2 excitatory amino-acid transporter (EAAT2) and the astrocyte-specific water channel, aquaporin 4 (AQP4). EAAT2 and AQP4 colocalization was also reduced in the striatum of ENT1 null mice. Ceftriaxone, an antibiotic compound known to increase EAAT2 expression and function, elevated not only EAAT2 but also AQP4 expression in the striatum. Furthermore, ceftriaxone reduced ethanol drinking, suggesting that ENT1-mediated downregulation of EAAT2 and AQP4 expression contributes to excessive ethanol consumption in our mouse model. Overall, our findings indicate that adenosine signaling regulates EAAT2 and astrocytic AQP4 expressions, which control ethanol drinking in mice.
INTRODUCTION
Adenosine, an inhibitory neurotransmitter and neuromodulator, attenuates neuronal activity directly and indirectly through adenosine receptors (Lovatt et al, 2012; Ruby et al, 2010) . Dysregulation of adenosine signaling has been implicated in many neuropsychiatric diseases including alcohol-use disorders (Dunwiddie and Masino, 2001) . In both mice and humans, type 1 equilibrative nucleoside transporter (ENT1) is responsible for the majority of adenosine transport and, therefore, is a key regulator of extracellular adenosine levels (Young et al, 2008) . ENT1 null mice display elevated ethanol consumption with decreased ethanol sensitivity (Chen et al, 2010; Choi et al, 2004) . One of the main contributing factors for these behaviors is increased glutamatergic signaling in the nucleus accumbens (NAc) (Nam et al, 2011) . Interestingly, our recent findings suggest that ENT1 regulates astrocytic excitatory aminoacid transporter 2 (EAAT2) mRNA expression and glutamate uptake activity function in cultured astrocytes (Wu et al, 2010) . As EAAT2 is responsible for the majority (B90%) of glutamate uptake into astrocytes (Tanaka et al, 1997) , this reduction of EAAT2 likely contributes to the hyperglutamatergic state in ENT1 null mice (Nam et al, 2011) .
Astrocytes are the most abundant glial cell type within the central nervous system and glial pathology is common to several neuropsychiatric disorders (Miguel-Hidalgo, 2009 ). Importantly, astrocytes in the striatum are responsible for clearance of excessive glutamate from the synaptic cleft to prevent excitotoxicity (Danbolt, 2001; Seifert et al, 2006) . Prolonged excitation of glutamate signaling has been implicated in numerous psychiatric conditions (Krystal et al, 2003; Tsai and Coyle, 1998) . Specifically, elevated glutamate levels have been shown to be one of the key components of reward and motivational behaviors (Kalivas, 2009; Koob and Volkow, 2010) . Whereas ENT1 is expressed in both neurons and astrocytes (Parkinson et al, 2006) and adenosine uptake activities via ENTs are equal between neurons and astrocytes, astrocytic ENT1 also appears to release adenosine, which has been shown to provide neuroprotection during oxidative stress (Tanaka et al, 2011) . Therefore, characterizing the role of ENT1 in astrocytes is critical to understand the underlying mechanisms of many psychiatric disorders, including alcoholism.
Here, we examined the role of ENT1 in regulating the expression of EAAT2 and aquaporin 4 (AQP4), essential players in astrocyte function and neuroglial interactions in the striatum. Furthermore, we investigated whether ceftriaxone reduces alcohol drinking in ENT1 null mice by normalizing both EAAT2 and AQP4 expression in the striatum.
MATERIALS AND METHODS

Animals
ENT1 null mice were generated as described (Choi et al, 2004) . We used F2 generation hybrid mice with a C57BL/6J Â 129X1/ SvJ genetic background to minimize the risk of false positives or negatives in behavioral phenotypes that could be influenced by a single genetic background (Crusio et al, 2009 ). We used 3-to 6-month-old null and wild-type littermates for experiments. Mice were housed in standard Plexiglas cages with food and water available ad libitum. The colony room was maintained on a 12-h light/12-h dark cycle with lights on at 0600 hours. Animal care and handling procedures were approved by the Mayo Clinic Institutional Animal Care and Use Committees in accordance with NIH guidelines.
Astrocyte Culture and Reagents
The astrocytic C8-D1A cell line was obtained from ATCC (American Type Culture Collection, VA), which was cloned from the mouse cerebellum (Alliot and Pessac, 1984) . As we described previously (Wu et al, 2010) , cells were maintained in Dulbecco's modified Eagle medium containing glucose (Invitrogen, Carlsbad, CA), 10% heat-inactivated fetal bovine serum (ATCC, American Type Culture Collection, VA), 1% L-glutamine (Gibco, Auckland, New Zealand), and 1% Antibiotic-Antimycotic (Invitrogen). Monolayers were cultured at 37 1C in the presence of 5% CO 2 /95% O 2 (normoxia) in a fully humidified atmosphere with medium replacement every 2-3 days. NBTI was purchased from Sigma-Aldrich (St Louis, MO).
ENT1 Knockdown in Astrocytes
The target sequence of Slc29a1-3 siRNA for mouse ENT1 is 5 0 -AAGATTGTGCTCATCAATTCA-3 0 . Slc29a1-3 siRNA or control siRNA (30 pmol) were transfected into 5 Â 10 5 astrocytes in a six-well plate using 4 ml Lipofectamine 2000 with Plus reagent (Invitrogen). At 24 h after the transfection, total RNA was isolated using RNAeasy-Mini kit (Qiagen) and the expression levels of ENT1, EAAT2, EAAT1, and AQP4 mRNA were measured by real-time RT-PCR.
Real-time RT-PCR
Mice were anesthetized with carbon dioxide and rapidly decapitated. The caudate-putamen (CPu), NAc and cerebellum (Cbl) were isolated under a surgical microscope. To measure mRNA levels, real-time quantitative RT-PCR was performed with the iCycler IQ Real-Time PCR detection system (Bio-Rad Laboratories, Hercules, CA) using QuantiTect SYBR Green RT-PCR Kit (Qiagen, Valencia, CA) as described (Wu et al, 2010) . Total RNA was isolated using the RNAeasy-Mini kit (Qiagen). Gene-specific primers for EAAT2, EAAT1, AQP4, glutamine synthetase (GS) and GAPDH were purchased (Qiagen (Livak and Schmittgen, 2001 ).
Western Blot
Mice were anesthetized with carbon dioxide and rapidly decapitated. Brains were quickly removed and dissected to isolate the CPu, NAc, and Cbl as previously described (Nam et al, 2011 Figure S6) . However, for EAAT1, we do not rule out the possibility of false-positive signals due to apparent non-specific bands (Supplementary Figure S6c) . Therefore, we referred to EAAT1 as 'EAAT1-like' protein levels. Blots were developed using SuperSignal West Dura Chemiluminescent Substrate (Thermo Scientific, Rockford, IL). Chemiluminescent bands were detected on a Kodak Image Station 4000R scanner (New Haven, CT) and quantified using NIH Image J software.
Immunofluorescence and Colocalization Analysis
Mice were anesthetized with pentobarbital (80 mg/kg) and transcardially perfused with 4% paraformaldehyde (SigmaAldrich) in PBS. Brains were removed and postfixed for 24 h in the same fixative at 4 1C. Brains were immersed in 30% sucrose for 24 h, frozen, and cut into 40-mm sections using a cryostat (Leica). Free-floating sections were incubated in 50% alcohol, followed by 10% normal donkey serum in PBS for 30 min, and then antibodies against AQP4 (1 : 250, Sigma), EAAT2 (1 : 50, Santa Cruz), and glial fibrillary acidic protein (GFAP) (1 : 100, Cell Signaling) overnight. Sections were then incubated in 2% normal donkey serum in PBS for 10 min followed by Alexa 488-conjugated secondary goat anti-rabbit (for AQP4, 1 : 1000, Cell Signaling) and goat anti-mouse (for GFAP, 1 : 1000, Cell Signaling) or Alexa 555-conjugated secondary donkey anti-goat (for EAAT2, 1 : 1000, Invitrogen), and goat anti-rabbit (for AQP4, 1 : 1000, Cell Signaling) antibodies for 2 h. Images from each brain region of interest (CPu, NAc core, NAc shell) were obtained using an LSM 510 confocal laser scanning microscope (Carl Zeiss). Areas of AQP4 expression within regions of interest (450 mm Â 450 mm), were quantified using NIH Image J software. Quantitative colocalization analysis was performed using CoLocalizer Pro software (Colocalization Research Software) as described in Zinchuk and Grossenbacher-Zinchuk (2009) , using a selected region-ofinterest background correction method. For AQP4 þ EAAT2 colocalization analysis, colocalized pixels (AQP4 þ EAAT2, yellow pixels) were normalized by total AQP4 expressions (green þ yellow pixels). In addition, for GFAP þ AQP4 colocalization analysis, colocalized pixels (GFAP þ AQP4, yellow pixels) were also normalized by total AQP4 expressions (red þ yellow pixels).
Ceftriaxone Treatment
Mice were injected with 200 mg/kg per day of ceftriaxone (intraperitoneal (i.p.); 20 mg/ml in 0.9% NaCl, w/v) or an equal volume of saline for 5 consecutive days as previously described (Sari et al, 2010) . Mice were then anesthetized with carbon dioxide and rapidly decapitated after 24 h of the last injection. Brains were quickly removed and dissected to isolate the CPu and NAc. Tissues were then frozen until real-time PCR and immunoblotting were performed.
Alcohol Self-Administration
Oral alcohol self-administration and preference were examined using a modified two-bottle choice experiment . Mice were given 24 h access to two bottles, one containing plain tap water and the other containing an ethanol solution. The concentration of ethanol was raised every fourth day, increasing from 3 to 6 to 10% (v/v) ethanol.
To examine the effect of ceftriaxone on ethanol consumption and preference, mice were given first an equivalent volume of saline (0.9% NaCl) daily for 5 days, followed by 200 mg/kg per day ceftriaxone (i.p.) daily for 5 additional days once they were stably consuming 10% (v/v) ethanol. Ethanol consumption and preference were then measured for 5 additional days as a post-injection period. Throughout the experiments, fluid intake and body weight were measured every 2 days to calculate average daily ethanol consumption (g/kg per day) and percent preference (ethanol solution consumption/total fluid consumption Â 100).
Ataxia
Ethanol-induced ataxia (motor incoordination) was evaluated using a constant velocity rotarod treadmill (UGO Basile, Verese, Italy) at a fixed speed of 20 r.p.m. as described (Chen et al, 2010) . Briefly, mice were preselected by their ability to remain on the rotarod for 180 s. Mice were injected with 200 mg/kg per day ceftriaxone (i.p) or an equal volume of saline for 5 consecutive days. On the sixth day, mice were then given an ethanol injection (1.5 g/kg, i.p.) and rotarod performance was evaluated by measuring their latency to fall beginning 15 min after the injection and during sequential 15-min intervals for 1 h. Training and testing was undertaken under dim red lighting shortly after lights-out, the natural active phase for nocturnal rodents.
Statistical Analysis
All data are expressed as mean ± SEM and were analyzed by unpaired two-tailed t-tests (real-time PCR, western blot analysis, and immunofluorescence for basal-level measurement), two-way ANOVA (real-time PCR and western blot analysis after ceftriaxone treatment) or two-way repeated measures ANOVA (ethanol consumption and preference).
Results of comparisons were considered significantly different if the p-value waso0.05.
RESULTS
Reduced Expression of EAAT2 and AQP4 in the Striatum of ENT1 Null Mice
As inhibition of ENT1 downregulates EAAT2 expression in cultured astrocytes (Wu et al, 2010) , we examined whether the deletion of ENT1 reduces striatal EAAT2 and astrocytic EAAT1, which are essential for motivational behavior (Reissner and Kalivas, 2010) . As shown in Figure 1 , in both the CPu (Figure 1a and b) and NAc ( Figure 1c and d) of ENT1 null mice, EAAT2 mRNA and protein expression was downregulated, whereas EAAT1 mRNA and EAAT1-like protein levels were unchanged compared with wild-type mice. This suggests that the deletion of ENT1 downregulates EAAT2 expression in the striatum. Interestingly, EAAT2 and AQP4 regulate glutamate levels through a physical interaction in astrocytes (Hinson et al, 2008 ). Thus, we tested whether deletion of ENT1 could alter AQP4 expression in mice. We used GS expressions as a control for astrocytic gene expression. As we expected, AQP4 mRNA and protein expression were diminished in the CPu (Figure 2a and b) and NAc (Figure 2c and d) of ENT1 null mice, whereas GS expression levels were similar between genotypes. As an additional control, we examined astrocytic gene expression in the Cbl of ENT1 null mice, where we found no changes in expression of these proteins (Supplementary Figure S1) . Moreover, the protein expression pattern of astrocytic genes in the CPu, NAc, and Cbl indicated that the expression patterns of EAAT2 and AQP4 were similar among these brain regions (Supplementary Figure S2a and b) . However, EAAT1-like and GS protein expressions were higher in the Cbl followed by NAc and CPu (Supplementary Figure S2c and d) .
Inhibition of ENT1 Downregulates EAAT2 and Astrocytic AQP4 Expression
As ENT1 is expressed in neurons and astrocytes, we used an astrocytic cell line, C8-D1A (Alliot et al, 1984; Wu et al, 2010) , to confirm that the mRNA and protein expression changes in ENT1 null mice were specifically due to the absence of ENT1 in astrocytes. In Supplementary Figure S1 , we showed that either treatment with ENT1-specific inhibitor NBTI (nitrobenzylthioinosine, 10 mM) or ENT1-specific siRNA treatment (Wu et al, 2010 ) downregulated EAAT2, but not EAAT1, mRNA expression in astrocytes (Figure 3a and b). These results indicate that inhibition of ENT1 function or expression is causally related to the reduction of EAAT2 expression in astrocytes.
Consistent with our observations in ENT1 null mice, NBTI treatment (10 mM) for 24 h or ENT1-specific siRNA treatment diminished AQP4 mRNA levels, but not GS mRNA levels in cultured astrocytes (Figure 3c and d) . These findings suggest that ENT1 regulates astrocytic EAAT2 and AQP4 mRNA levels in cultured astrocytes.
Diminished Colocalization of AQP4 and EAAT2 in the Striatum of ENT1 Null Mice
As AQP4 colocalizes with EAAT2 (Hinson et al, 2010; Hinson et al, 2008) , we investigated whether this colocalization was altered in ENT1 null mice. Immunofluorescence analysis revealed that AQP4 was expressed mostly in the end-feet of astrocytes covering the vasculature (Figure 4a ) and that AQP4 expression was reduced in the CPu and NAc core (Figure 4a ) of ENT1 null mice compared with wild-type mice.
Next, we quantified the colocalized areas (AQP4 þ EAAT2, yellow), which were normalized by total AQP4 levels (green and yellow areas), to verify that an observed decrease in colocalization was not just because levels of both AQP4 and EAAT2 are reduced in ENT1 null mice. Our results showed that colocalization of AQP4 and EAAT2 was diminished in striatal astrocytes of ENT1 null mice compared with wild-type littermates (Figure 4b) , indicating a possible loss of functional interaction between AQP4 and EAAT2 in the striatum of ENT1 null mice. Similarly, we have investigated whether the deletion of ENT1 can alter colocalization between AQP4 and GFAP. As indicated in Supplementary Figure S3 , AQP4 was expressed mostly in the end-feet of astrocytes covering the vasculature, whereas GFAP was expressed mainly in the star-shaped astrocyte soma with some expression also observed in the end-feet. However, we did not notice any significant alteration of colocalization between AQP4 and GFAP in the striatum of ENT1 null mice compared with wild-type littermates (Supplementary Figure S3) . Taken together, these data suggest that ENT1 is required for both the expression and colocalization of AQP4 with EAAT2 in striatal astrocytes.
Ceftriaxone Normalizes Striatal EAAT2 and AQP4 Expression in ENT1 Null Mice
As ENT1 null mice exhibit downregulated EAAT2 in the striatum, we explored whether ceftriaxone, a b-lactam antibiotic that is well known for its ability to upregulate EAAT2 expression and increase glutamate uptake activity (Kim et al, 2011; Sari et al, 2010) , can also upregulate other astrocytic genes that are downregulated in ENT1 null mice. In the CPu, daily treatment of ceftriaxone (200 mg/kg, i.p.) for 5 days upregulated EAAT2 and AQP4 mRNA expression in both ENT1 null and wild-type mice (Figure 5a ). Furthermore, western blot analysis demonstrated that EAAT2 and AQP4 protein expression were increased after ceftriaxone treatment in the CPu of ENT1 null mice GAPDH was used as a control. *po0.05, compared with wild-type mice by unpaired two-tailed t-test. All data are expressed as mean ± SEM.
( Figure 5b ). Therefore, ceftriaxone increases EAAT2 and AQP4 expression levels both transcriptionally and translationally. We did not observe any significant changes in EAAT1 or GS mRNA levels as well as EAAT1-like or GS protein levels after ceftriaxone treatment (Supplementary Figure S4a and b) .
In the NAc, we observed similar changes as in the CPu. Ceftriaxone treatment upregulated EAAT2 and AQP4 mRNA expressions in both ENT1 null and wild-type mice (Figure 5c ). Western blot analysis showed that EAAT2, but not AQP4, protein level was increased in response to ceftriaxone treatment (Figure 4d ). We did not observe any ceftriaxone-induced changes in EAAT1 or GS mRNA levels as well as EAAT1-like or GS protein levels in the NAc (Supplementary Figure S4c and d) . Taken together, these results suggest that ceftriaxone can rescue the downregulation of EAAT2 and astrocyte-specific AQP4 in the striatum of ENT1 null mice.
Ceftriaxone Reduces Alcohol Drinking in ENT1 Null Mice
ENT1 null mice exhibit excessive alcohol consumption and preference compared with wild-type mice (Nam et al, 2011) and pharmacological treatment alleviating the hyperglutamatergic state reduces their alcohol drinking Nam et al, 2011) . As ceftriaxone has been shown to reduce alcohol drinking in alcohol-preferring rats by upregulating EAAT2 (Sari et al, 2011) , we investigated whether ceftriaxone-induced upregulation of EAAT2 and AQP4 expression in the striatum could also alleviate the excessive alcohol-drinking phenotype in ENT1 null mice. (d) protein expression levels were reduced in the nucleus accumbens (NAc) of ENT1 null mice, whereas GS expression was unchanged between genotypes (n ¼ 10B12). GAPDH was used as a control. *po0.05, compared with wild-type mice by unpaired two-tailed t-test. All data are expressed as mean ± SEM. Figure 3 Inhibition of equilibrative nucleoside transporter 1 (ENT1) reduces excitatory amino-acid transporter 2 (EAAT2) and astrocytic aquaporin 4 (AQP4) gene expression in cultured astrocytes. (a, c) ENT1-specific inhibitor NBTI treatment (10 mM) for 24 h significantly reduced (a) EAAT2 and (c) AQP4 mRNA expression levels, but not EAAT1 or GS mRNA expression levels in cerebellar (C8-D1A) astrocytic cell line. (b, d) ENT1 siRNA treatment for 24 h significantly reduced (b) EAAT2 and (d) AQP4 mRNA expression levels, but not EAAT1 or glutamine synthetase (GS) mRNA expression levels in C8-D1A astrocytic cell line. GAPDH was used as a control. n ¼ 4B6; *po0.05 compared with control group by unpaired two-tailed t-test. All data are expressed as mean ± SEM.
We measured ethanol drinking using a modified two-bottle choice experiment , and showed that ceftriaxone treatment (200 mg/kg per day, 5 days, i.p.) reduced ethanol consumption compared with the salinetreated groups (Figure 6a ). Two-way repeated measures ANOVA showed effects of genotype (F (1, 76) ¼ 11.586, p ¼ 0.002), treatment (F (2, 76) ¼ 29.475, po0.001) and an interaction between genotype and treatment (F (2, 76) ¼ 4.068, p ¼ 0.021). Post-hoc analysis revealed that ceftriaxone treatment reduced ethanol consumption in ENT1 null mice, but not in wild-type mice compared with the saline-treated group. Ceftriaxone treatment reduced ethanol preference as well (Figure 6b ). Two-way repeated measures ANOVA showed effects of treatment (F (2, 70) ¼ 25.959, po0.001) and an interaction between genotype and treatment (F (2, 70) ¼ 3.131, p ¼ 0.050), but no effect of genotype (F (1, 70) ¼ 1.593, p ¼ 0.215). Post-hoc analysis demonstrated that ceftriaxone treatment reduced ethanol preference in both ENT1 null and wild-type mice compared with the saline-treated group. We also examined whether ceftriaxone could alter the ataxic effect of ethanol. We did not observe any changes in ethanol-induced ataxia of either ENT1 null or wild-type mice (Supplementary Figure S5a and b) . Therefore, our results suggest that ceftriaxone can reduce ethanol drinking without altering ethanol sensitivity in mice.
DISCUSSION
Our present study demonstrates a novel mechanism implicating the main adenosine transporter, ENT1, in the regulation of astrocyte-specific gene expression. Astrocytes have an essential role in regulating neurotransmitter levels in the synaptic cleft (Halassa et al, 2007; Seifert et al, 2006) . The removal of glutamate via astrocytic EAAT2 is especially critical to neuronal activity and viability. Here, we observed the reduction of AQP4 and EAAT2, two astrocytic proteins that interact to control glutamate signaling, as a consequence of deletion or inhibition of ENT1 both in vivo and Figure 4 Immunofluorescence analysis of aquaporin 4 (AQP4) in the striatum of equilibrative nucleoside transporter 1 (ENT1) null mice. (a) AQP4 expression was reduced in the caudate-putamen (CPu) and nucleus accumbens (NAc) core, but not in the NAc shell of ENT1 null mice (n ¼ 6B12). (b) Reduced colocalization of AQP4 and excitatory amino-acid transporter 2 (EAAT2) in ENT1 null mice. ENT1 null mice show reduced colocalization between AQP4 and EAAT2 in the CPu, NAc core, and shell (n ¼ 3B6). Expression of colocalization was normalized with expression of AQP4 (AQP4 þ EAAT2/AQP4). Scale bar ¼ 100 mm. *po0.05, compared with wild-type mice by unpaired two-tailed t-test. All data are expressed as mean ± SEM.
in vitro. These observations suggest that adenosine homeostasis is critical for astrocytic cellular function. Because astrocyte dysfunction has been implicated in addictive and psychiatric disorders (Halassa et al, 2007) , including alcoholism (Miguel-Hidalgo et al, 2002) , the present results on ENT1 regulation of astrocyte-enriched genes may lead to important advances in the understanding of psychiatric illnesses and the development of novel therapeutics for alcohol-use disorders.
Hyperglutamatergic signaling in corticostriatal circuitry is common to several neuropsychiatric diseases, including addictive disorders. As EAAT2 is responsible for 90% of glutamate uptake activity in glial cells in the striatum (Tanaka et al, 1997) , diminished EAAT2 expression contributes in large part to the hyperglutamatergic state observed in the NAc of ENT1 null mice and associated alcohol-related behaviors (Nam et al, 2011) . The murine EAAT2 (Slc1a2) gene is located in a central part of chromosome 2 (E2) (Kirschner et al, 1994) , near quantitative trait loci that modulate neuroexcitability and seizure frequency in mouse models of alcohol withdrawal and epilepsy (Crabbe and Belknap, 1993) . EAAT2 is also implicated in preclinical models of morphine, methamphetamine, and cocaine addiction (Abulseoud et al, 2012; Sari et al, 2009) . Moreover, it is noteworthy that genetic polymorphisms of EAAT2 have been linked to alcoholism in humans (Sander et al, 2000) . As excessive glutamate levels and prolonged glutamate-driven excitation are toxic to neurons (Danbolt, 2001; Seifert et al, 2006) , it is possible that ENT1 null mice may show some degree of neuronal damage, although we have not observed any neurodegeneration in the 3-to 6-month-old mice we used in our experiments. We speculate that aged ENT1 null mice may display phenotypes related to other neurological disorders (Danbolt, 2001; Seifert et al, 2006) . Disruption of the levels or function of AQP4 has been implicated in brain injury resulting from acute and binge ethanol exposure (Katada et al, 2012; Sripathirathan et al, 2009) as well as other neurological disorders, including ischemia (Taniguchi et al, 2000) , edema (Vizuete et al, 1999) , and neuromyelitis optica (Hinson et al, 2008) , all of which involve disrupted brain water homeostasis and neuronal damage. Our results demonstrate that ENT1 deletion or inhibition in the striatum reduces AQP4 and EAAT2 expression. As AQP4 and EAAT2 are known to form macromolecular complexes (Hinson et al, 2008) and glutamate regulates AQP4 water permeability through group I metabotropic glutamate receptors (Gunnarson et al, 2008) , reduced expression of EAAT2 may further diminish AQP4 function. Therefore, the observed reduction in both proteins by ENT1 deletion or inhibition in the striatum may further compromise glutamate-related neuroglial interactions. A number of reports have suggested that expression of EAAT2 and AQP4 is regulated by PKC isoforms. PKC activators, such as PMA, TPA, and PDBu, which decrease cell surface expression and transporting activity of EAAT2 (GonzalezGonzalez et al, 2008; Kalandadze et al, 2002 ) also downregulate AQP4 expression and reduce water permeability (Yamamoto et al, 2001) , whereas GS expression is unaffected (Brodie et al, 1998) . Interestingly, ENT1 null mice show reduced NMDA receptor-dependent PKCg activity in the NAc (Nam et al, 2011) , implying that reduced striatal EAAT2 and AQP4 expression in ENT1 null mice may involve altered PKC signaling.
Interestingly, we found that the expression of GS was similar between genotypes ( Figure 2 and Supplementary Figure S2) , and that ENT1 did not appear to control GS expression. This indicates that ENT1 is associated with EAAT2 and AQP4 in a specific manner, and that reduced astrocyte viability itself is unlikely to result from ENT1 deletion or inhibition. It also rules out the possibility that disruption in the conversion of glutamate to glutamine in astrocytes contributes to the hyperglutamatergic state and drinking behavior of ENT1 null mice.
Ceftriaxone is known to upregulate EAAT2 expression and increase glutamate uptake activity via the NF-kB pathway, providing neuroprotection from glutamate neurotoxicity (Kim et al, 2011; Sari et al, 2010) . Of particular relevance to the present study is the ability of ceftriaxone to reduce alcohol intake in rodent models (Sari et al, 2011) . Although this effect has been attributed to the upregulation of EAAT2 and reductions in brain glutamate levels, our data suggest that AQP4 upregulation may have a role in reducing drinking behavior as well. Like EAAT2, AQP4 may be regulated via the same NF-kB pathway possibly downstream of adenosine A1 receptor in astrocytes. As expected, ceftriaxone treatment suppressed alcohol drinking in our study. Surprisingly, ceftriaxone did not alter sensitivity to an intoxicating dose of ethanol, unlike other medications that target the glutamatergic pathway , in which ethanol sensitivity is inversely correlated with ethanol consumption (Naassila et al, 2002; Nam et al, 2011) . It is important to note that ceftriaxone was able to upregulate EAAT2 and AQP4 in the presence or absence of ENT1. This finding is consistent with our observation that ceftriaxone was able to reduce alcohol preference in both ENT1 null and wild-type mice. Therefore, ameliorating astrocytic dysregulation via upregulation of EAAT2 may be a unique therapeutic strategy to reduce alcohol drinking in a wide range of alcohol abuse phenotypes and could help prevent the development of alcohol dependence in vulnerable populations.
In summary, we demonstrated that ENT1 regulates the expression of several genes that are essential for maintaining astrocytic cell functions in the striatum. We also showed that dysregulation of astrocytes by the inhibition or deletion of ENT1 appears to be central to alcohol drinking. We showed that augmenting astrocytic functions with ceftriaxone reduced alcohol drinking in both ENT1 null and wildtype mice. Finally, we revealed that upregulation of AQP4 in addition to EAAT2 may be central to the beneficial effects of ceftriaxone. Taken together, our study provides evidence that astrocyte dysfunction may have a central role in the pathophysiology of alcoholism and that astrocytes represent a promising therapeutic target for alcohol-use disorders.
